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Abstract
We derive the expressions for the full angular distributions of B → D`ν` and
B → D∗`ν` decays and discuss the spectra on each angle separately. The coefficient
functions, depending on helicity amplitudes, can then be combined in an ensemble
of observables which can then be used to check for the presence of New Physics.
We examine the sensitivity of each of these observables on the presence of non-
Standard Model interaction terms at low energies. The expressions presented here
are general, and can be used for studying any other semileptonic pseudoscalar to
pseudoscalar/vector meson decay. We also examine the problem of pollution of the
B → D∗(→ Dpi)S`ν` decay sample by the B → D∗0(→ Dpi)`ν` events, and point
out that a measurement of two particular quantities could clarify whether or not
the (Dpi)S−wave in the vicinity of D∗-peak is (approximately) described by the Breit-
Wigner formula.
PACS: 13.20.-v, 12.60.-i
ar
X
iv
:1
60
2.
03
03
0v
2 
 [h
ep
-p
h]
  1
8 F
eb
 20
16
1 Introduction
For many years the main motivation to study the leptonic and semileptonic meson de-
cays was to extract the Cabibbo-Kobayashi-Maskawa (CKM) couplings through a com-
parison of theoretical expressions with the experimentally measured branching fractions.
Although not directly accessible, the CKM couplings that involve the top quark are indi-
rectly obtained from the low energy processes driven by the flavor changing neutral currents
(FCNC). Concerning the FCNC processes a more appealing exercise is to assume the CKM
matrix to be unitary, which is a sufficient condition to fix the values of |Vtd,ts,tb|, and then
check for discrepancies between the measured and predicted rates that could be interpreted
as signals of non-Standard Model heavy particles propagating in the loops. Such a strat-
egy to search for the effects of New Physics (NP) has been extensively explored in the
past couple of decades but no significant discrepancy with respect to the Standard Model
(SM) expectations has been found so far. As a striking example one can quote the results
obtained by the CKM-fitter and the UT-fit, showing that, to a present-day accuracy, the
unitarity triangle reconstructed by using the tree-level decays does not differ from the one
obtained by relying on the loop-induced processes [1]. Therefore the effects of NP are either
absent or small.
Looking for the small departures of measured branching fractions from their SM pre-
dictions is extremely difficult as it requires a precision determination of hadronic matrix
elements which have to be computed non-perturbatively from the first theory principles
of QCD. Only for a very limited number of quantities such a percent precision accuracy,
based on numerical simulations of QCD on the lattice, has been achieved so far [2]. In
such a situation the angular analysis of B → K(∗)`+`− decays proved to be particularly
interesting as it allowed to define a number of observables that are accessible to the modern
day experiments and are highly sensitive to the effects of physics beyond the SM (BSM).
More interestingly, a subset of these observables appeared to be mildly sensitive to the
hadronic uncertainties. In this paper we show that a similar strategy can be adopted to
study the tree level processes and check for the effects of NP through a comparison of the
SM predictions of the angular distribution of B¯ → D`ν¯` and B¯ → D∗`ν¯` decay modes with
experiment. B¯ → D(∗)`ν¯` have been studied at the B-factories (BaBar and Belle) to a very
good accuracy [3–5].
The samples of these decay modes will be much larger at Belle II and a detailed precision
study of their angular distribution will become feasible. Although we focus onto the B¯ →
D`ν¯` and B¯ → D∗`ν¯` modes, the discussion we make in this paper is equally applicable
to all the other semileptonic decays in which a pseudoscalar meson decays to another
pseudoscalar or a vector meson, namely D/B → pi`ν¯, D/B → ρ`ν¯, D(s) → K(∗)`ν¯, Bs →
K(∗)`ν¯, Ds → φ`ν¯, K → pi`ν`, Bc → J/ψ`ν`, Bc → ηc`ν`, Bc → Bd,s`ν`, or the semileptonic
1
Bs-meson decays.
1 Our choice to focus on B¯ → D`ν¯` and B¯ → D∗`ν¯` is related to the fact
that a small but intriguing disagreement between experiment and theory has been recently
reported in the case of RD(∗) = B(B¯ → D∗τ ν¯τ )/B(B¯ → D∗µν¯µ) [7–9].
We will first derive the expressions for the full angular distribution of these decays and
then address the following questions:
• Which observables can be extracted from the angular distributions that are sensitive
to the effects of physics BSM?
• In the case of a heavy lepton in the final state, a significant fraction of the B¯ → D∗(→
Dpi)τ ν¯τ events involves Dpi pairs in the S-wave. Could these events be polluted by
the Dpi pairs emerging from the scalar D∗0 state, i.e. B¯ → D∗0(→ Dpi)τ ν¯τ?
To our knowledge, several quantities have been proposed to study so far in refs. [8, 9].
Here we consider the full ensemble of observables that can be derived from the angular
distribution. Like in the seminal paper of Ref. [10] our expressions for the angular distribu-
tion coefficients are given in terms of helicity amplitudes, and as such they are completely
general. We will adopt a particular effective Hamiltonian to examine the effect of non-
SM interactions, and therefore only after we express the helicity amplitudes in terms of
kinematic variables, the hadronic form factors and the NP couplings, our expressions will
become (slightly) model dependent. 2
Concerning the second of the above questions the answer is negative if one adopts a
simple Breit-Wigner (BW) function and the width of D∗0 state reported in PDG [11]. If the
deviations from the BW form occur, similar to those present in e.g. the tail of K∗0 , then
this problem can be experimentally important to address. We found quantities that can be
studied through the angular distribution and which are nonzero only if there is interference
between the Dpi-pairs in S-wave coming from B¯ → D∗(→ Dpi)τ ν¯τ with those coming from
some other source, B¯ → Dscal(→ Dpi)τ ν¯τ , similar to the situation of K∗0 → Kpi and
κ→ Kpi in the B → K∗`+`− decay [12]. This problem is much less relevant in the case of
B¯s → D∗sτ ν¯τ because the scalar state D∗s0, in the corresponding B¯s → D∗s0τ ν¯τ is extremely
narrow [11].
In Sec. 2 of what follows we provide the explicit expressions for the angular distribution
of semileptonic decays, define the full set of observables and discuss the terms that are
nonzero only if there is interference between semileptonic decays to a vector and to a
scalar meson. In Sec. 3 we check the sensitivity of the observables defined in Sec. 2 with
respect to the NP quark operators at low energies. We summarize our findings in Sec. 4.
1Results of one such a study have been recently presented in Ref. [6] where the authors focused onto
the phenomenologically appealing Bs → K(∗)`ν` decay mode.
2Model dependence in this case means the assumptions concerning the possible extensions of the SM
at high energy which at low energies are manifested by a handful of additional operators. More important
model dependence comes with the choice of the hadronic form factors for which the uncertainties are still
not at the percent level, at least not in the full range of available q2’s.
2
2 Full distributions of B → D`ν` and B → D∗`ν¯` decays
In this section we sketch the derivation of expressions for the full two-fold and five-fold
distribution of the B → D`ν` and B → D∗`ν`, respectively. We will keep the non-zero
mass of the lepton in all our formulas. The SM expressions that we derive coincide with
those presented in Ref. [10]. Since our aim is to study the possible NP effects, we will go a
step beyond Ref. [10] and include the terms that are absent in the SM but can be non-zero
in a generic NP scenario. We then consider an effective Hamiltonian in which the NP
effects could affect only the quark sector, while leaving the lepton sector universal, in its
SM form. Other possibilities for the NP effective Hamiltonian can, of course, be envisaged.
2.1 Effective Hamiltonian
At the level of an effective theory we consider [13] 3
Heff = GF√
2
Vcb HµL
µ + h.c
=
GF√
2
Vcb
[
(1 + gV )cγµb+ (−1 + gA)cγµγ5b+ gS i∂µ(cb) + gP i∂µ(cγ5b)
+gT i∂
ν(ciσµνb) + gT5 i∂
ν(ciσµνγ5b)
]
`γµ(1− γ5)ν` + h.c ,
(1)
which is the most general if the coupling to leptons is of the V − A form, like in the SM.
While gV,A are dimensionless, the couplings gS,P,T,T5 are dimensionfull as to compensate for
the fact that that the corresponding quark operators have mass dimension equal to four.
Furthermore the couplings gS,P,T,T5 ≡ gS,P,T,T5(µ) carry the QCD anomalous dimension
which is the inverse of the anomalous dimension of the bilinear quark operator they multiply
as to leave Heff scale independent. 4 Finally, quite obviously, by setting gS,P,V,A,T,T5 = 0 in
eq. (1) one retrieves the usual SM effective Hamiltonian.
2.2 B → D`ν` decay
We begin with the expression for the full spectrum of B → D`ν` decay which has a very
simple form,
d2Γ
dq2d cos θ`
=
1
32(2pi)3m2B
|q|
(
1− m
2
`
q2
)
|M(B → D`ν`)|2 , (2)
where q stands for the three-momentum of the `ν` pair in the B-meson rest frame, and
θ` is the angle between the direction of flight of D and ` in the center of mass frame of
3We use the definition σµν = (i/2)[γµ, γν ].
4 gT and gT5 are obviously not independent. We define them separately for computational commodity,
but when doing phenomenology we take into account the fact that σµνγ5 = (i/2)µναβσ
αβ .
3
`ν` [10]. To write the amplitudeM(B → D`ν`) explicitly we decompose the non-vanishing
hadronic matrix elements of the quark operators in eq. (1) in terms of the Lorentz invariant
hadronic form factors,
〈D(k)|cγµb|B(p)〉 =
[
(p+ k)µ − m
2
B −m2D
q2
qµ
]
f+(q
2) + qµ
m2B −m2D
q2
f0(q
2) ,
〈D(k)|[cb](µ)|B(p)〉 = 1
mb(µ)−mc(µ)q
µ〈D(k)|cγµb|B(p)〉 = m
2
B −m2D
mb(µ)−mc(µ)f0(q
2) ,
〈D(k)|[cσµνb](µ)|B(p)〉 = −i (pµkν − kµpν) 2 fT (q
2, µ)
mB +mD
, (3)
where the form factors f+,0,T (q
2) are functions of q2 = (p− k)2. As mentioned above, the
scalar and tensor densities in QCD, at short distances, each acquire anomalous dimension.
Their respective scale dependence is indicated in the argument of the operators on the left
hand side (l.h.s.). The µ-dependence of the form factor fT (q
2, µ) and of the quark mass
difference mb(µ)−mc(µ) cancel against the µ-dependence of gT (µ) and gS(µ), respectively.
In what follows the µ-dependence will be implicit and the value µ = mb will be assumed.
With the above definitions in hands and with ε˜µ0,t, polarization vectors of the virtual
vector boson V ∗ specified in Appendix A, we can now write the helicity amplitudes for
B → V ∗D decay as
h0,t(q
2) = ε˜µ∗0,t 〈D|Hµ|B〉 , (4)
or explicitly,
h0(q
2) =
[
1 + gV − gT q
2
mB +mD
fT (q
2)
f+(q2)
]√
λ(m2B,m
2
D, q
2)√
q2
f+(q
2) ,
ht(q
2) =
[
1 + gV + gS
q2
mb −mc
]
m2B −m2D√
q2
f0(q
2) ,
(5)
where λ(x2, y2, z2) = [x2− (y− z)2][x2− (y+ z)2]. The full two-fold decay distribution (2)
then reads:
d2Γ
dq2d cos θ`
= aθ`(q
2) + bθ`(q
2) cos θ` + cθ`(q
2) cos2 θ` , (6)
where the q2-dependent coefficient functions are given by
aθ`(q
2) =
G2F |Vcb|2
256pi3m3B
λ1/2(m2B,m
2
D, q
2) q2
(
1− m
2
`
q2
)2 [∣∣h0(q2)∣∣2 + m2`
q2
∣∣ht(q2)∣∣2] , (7a)
bθ`(q
2) = − G
2
F |Vcb|2
128pi3m3B
λ1/2(m2B,m
2
D, q
2) q2
(
1− m
2
`
q2
)2
m2`
q2
Re [h0(q2)h∗t (q2)] , (7b)
cθ`(q
2) = − G
2
F |Vcb|2
256pi3m3B
λ1/2(m2B,m
2
D, q
2) q2
(
1− m
2
`
q2
)3 ∣∣h0(q2)∣∣2 . (7c)
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Out of three functions, aθ`(q
2), bθ`(q
2), cθ`(q
2), one can derive at most three independent
observables. The first of those is the differential decay rate which is simply obtained from
dΓ
dq2
=
∫ 1
−1
d2Γ
dq2d cos θ`
d cos θ` = 2
[
aθ`(q
2) +
1
3
cθ`(q
2)
]
=
G2F |Vcb|2
192pi3m3B
λ1/2(m2B,m
2
D, q
2)
(
1− m
2
`
q2
)2
|f+(q2)|2 ×
×
{ ∣∣∣∣1 + gV − gT q2mB +mD fT (q
2)
f+(q2)
∣∣∣∣2 λ(m2B,m2D, q2)(1 + m2`2q2
)
+
∣∣∣∣1 + gV + gS q2mb −mc
∣∣∣∣2 3m2`2q2 (m2B −m2D)2
∣∣∣∣ f0(q2)f+(q2)
∣∣∣∣2} , (8)
which for gS,V,T = 0 gives the familiar SM expression. The full decay width of B → D`ν`
is then obtained after integrating in q2,
Γ(B → D`ν`) =
∫ q2max
m2`
dΓ
dq2
dq2 , (9)
with q2max = (mB −mD)2, and assuming neutrinos to be massless.
2.2.1 Two more observables
Apart from the differential decay rate (8) we can construct two more observables that are
experimentally accessible via the angular distribution of B → D`ν`: the forward-backward
asymmetry and the lepton polarization asymmetry. They are both sensitive to the lepton
mass and are therefore interesting to study when the τ -lepton is in the final state.
As it can be seen from eq. (6), the linear dependence on cos θ` in dΓ/dq
2 is lost after
integration in θ`, but it can be retrieved when considering the forward-backward asymme-
try,
ADFB(q
2) =
∫ 1
0
d2Γ
dq2d cos θ`
d cos θ` −
∫ 0
−1
d2Γ
dq2d cos θ`
d cos θ`
dΓ
dq2
=
bθ`(q
2)
dΓ/dq2
= −3
2
m2`
q2
Re[h0(q2)h∗t (q2)]
|h0(q2)|2
(
1 +
m2`
2q2
)
+
3
2
m2`
q2
|ht(q2)|2
, (10)
where the normalization is conventionally made to dΓ/dq2. One can also compute its
integrated characteristics
〈ADFB〉 =
1
Γ
∫ q2max
m2`
bθ`(q
2)dq2 . (11)
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Another quantity that can be interesting in studying the NP effects is the lepton po-
larization asymmetry. It is defined from the differential decay rates with definite lepton
helicity, λ` = ±1/2:
dΓ+
dq2
≡ dΓ
dq2
∣∣∣∣
λ`=+1/2
=
G2F |Vcb|2q2
192pi3m3B
λ1/2(m2B,m
2
D, q
2)
(
1− m
2
`
q2
)2
m2`
2q2
[
|h0(q2)|2 + 3|ht(q2)|2
]
,
dΓ−
dq2
≡ dΓ
dq2
∣∣∣∣
λ`=−1/2
=
G2F |Vcb|2q2
192pi3m3B
λ1/2(m2B,m
2
D, q
2)
(
1− m
2
`
q2
)2
|h0(q2)|2 , (12)
which obviously verify Γ = Γ+ + Γ−. The lepton polarization asymmetry Aλ`(q
2) then
reads
ADλ`(q
2) = 1− 2 dΓ
+/dq2
dΓ/dq2
=1− m
2
`
q2
|h0(q2)|2 + 3|ht(q2)|2
|h0(q2)|2
(
1 +
m2`
2q2
)
+
3
2
m2`
q2
|ht(q2)|2
.
(13)
It can be convenient to compute its value integrated over available q2’s,
〈1− ADλ`〉 =
2
Γ
∫ q2max
m2`
dΓ+
dq2
dq2 . (14)
Being proportional to the squared lepton mass, ADFB(q
2) and 1 − ADλ`(q2) are sensibly
different from zero in the SM only in the case of the τ -lepton in the final state. These
quantities with e or µ in the final state could be used as null-tests of the SM, the non-zero
value of which would suggest the presence of operators that lift the helicity suppression.
Note also that, like all the observables we consider here (apart from differential decay
rates), the above asymmetries do not depend on the CKM parameter and that they are
functions of the ratios of form factors, f0(q
2)/f+(q
2) and fT (q
2)/f+(q
2), for which the
hadronic uncertainties are generally smaller than those for the absolute values of form
factors.
2.3 B → D∗`ν` decay
We now proceed along the lines discussed in Sec. 2.2 and write the five-fold differential
decay rate of the B → Dpi`ν` decay as follows:
d5Γ
dq2dm2Dpid cos θDd cos θ`dχ
=
1
128(2pi)6m2B
|q|
(
1− m
2
`
q2
) |pˆD|
mDpi
|M(B → Dpi`ν`)|2 , (15)
where pˆD is the three-momentum of D in the rest frame of Dpi, and the three angles are
specified in the Appendix A of the present paper. We focus onto the first twoDpi-resonances
6
and write the decay amplitude as
M(B → Dpi`ν`) =
∑
Dres=D∗, D∗0
〈Dpi|Dres〉〈Dres|Hµ|B〉Lµ B˜WDres , (16)
where the propagation of the intermediate resonant state is parametrized by
B˜WDres(m
2
Dpi) =
1
m2Dpi −m2Dres + imDresΓDres
,
BWDres(m
2
Dpi) =
√
mDresΓDres/pi
m2Dpi −m2Dres + imDresΓDres
.
(17)
The first and second line in the above equation respectively correspond to the non-normalized
and normalized BW function.
Like in the previous section, we need to specify the decomposition of hadronic matrix
elements in terms of the Lorentz invariant form factors. Concerning the B → D∗ transition
we write 5
〈D∗(k, ε)|cγµb|B(p)〉 =µνρσεν∗pρkσ 2V (q
2)
mB +mD∗
,
〈D∗(k, ε)|cγµγ5b|B(p)〉 =iε∗µ(mB +mD∗)A1(q2)− i(p+ k)µ(ε∗q)
A2(q
2)
mB +mD∗
− iqµ(ε∗q)2mD∗
q2
[
A3(q
2)− A0(q2)
]
,
(18)
with
A3(q
2) =
mB +mD∗
2mD∗
A1(q
2)− mB −mD∗
2mD∗
A2(q
2) , (19)
satisfying the condition A3(0) = A0(0). The matrix element of the pseudoscalar density is
related to the one of the axial current via the axial Ward identity, i.e.,
〈D∗(k, ε)|[cγ5b](µ)|B(p)〉 =− 1
mb(µ) +mc(µ)
qν〈D∗(k, ε)|cγνγ5b|B(p)〉
=− i(ε∗q) 2mD∗
mb(µ) +mc(µ)
A0(q
2) ,
(20)
where the µ-dependence of the operator is carried by the quark mass on the right hand
side (r.h.s). When considering gT,T5(µ) 6= 0 we will also need,
〈D∗(k, ε)|[cσµνqνb](µ)|B(p)〉 =iµνρσεν∗pρkσ 2T1(q2, µ) ,
〈D∗(k, ε)|[cσµνγ5qνb](µ)|B(p)〉 =
[
(m2B −m2D∗)εµ∗ − (ε∗q)(p+ k)µ
]
T2(q
2, µ)
+ (ε∗q)
[
qµ − q
2
m2B −m2D∗
(p+ k)µ
]
T3(q
2, µ) ,
(21)
5We use the convention with 0123 = 1.
7
where the µ-dependence of the operator is then carried by the form factors and it will
cancel against those in the couplings gT,T5(µ).
We will also consider the decay to the scalar meson, B → D∗0(→ Dpi)`ν¯`, for which the
relevant hadronic matrix element is decomposed as:
〈D∗0(k)|cγµγ5b|B(p)〉 =− i
[
(p+ k)µ −
m2B −m2D∗0
q2
qµ
]
F1(q
2)
− iqµ
m2B −m2D∗0
q2
F0(q
2) ,
(22)
where we opted for the conventions of Ref. [14]. By means of the axial Ward identity we
have,
〈D∗0(k)|[cγ5b](µ)|B(p)〉 =−
qν
mb(µ) +mc(µ)
〈D∗0(k)|cγνγ5b|B(p)〉
=i
m2B −m2D∗0
mb(µ) +mc(µ)
F0(q
2) .
(23)
Finally, in eq. (16) we also need,
〈Dpi|D∗〉 = gD∗DpipµDεµ ,
〈Dpi|D∗0〉 = gD∗0Dpi , (24)
where the coupling gD∗Dpi parameterizes the physical D
∗ → Dpi decay and can be extracted
from the numerical simulations of QCD on the lattice [15] and its value agrees with the re-
sult extracted from the width of the charged D∗, Γ(D∗+), recently measured at BaBar [16].
Similarly, gD∗0Dpi describes the decay D
∗
0 → Dpi which has been computed on the lattice in
the static limit [17] and in the case of propagating charm quark in [18]. In terms of the
above couplings we have
Γ(D∗ → Dpi) = C
24pim2D∗
g2D∗Dpi|pˆD|3, Γ(D∗0 → Dpi) =
C
8pim2D∗0
g2D∗0Dpi|pˆ
′
D| , (25)
where C = 1 if the outgoing pion is charged, and C = 1/2 if it is neutral, and
|pˆ(′)D | =
√
λ(m2D∗
(0)
,m2D,m
2
pi)
2mD∗
(0)
. (26)
We should stress again that our gD∗Dpi and gD∗0Dpi are m
2
Dpi-independent, and the entire
dependence of the amplitude (16) on m2Dpi is assumed to be described by the corresponding
BW functions.
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Similarly to the previous section [cf. around eq. (4)] we define the helicity amplitudes
of the B → V ∗D∗ decay as 6
H±,0 = ε˜
µ∗
±,0〈D∗(ε±,0)|Hµ|B〉 , (27a)
Ht = ε˜
µ∗
t 〈D∗(ε0)|Hµ|B〉 , (27b)
H ′0 = ε˜
µ∗
0 〈D∗0|Hµ|B〉 , (27c)
H ′t = ε˜
µ∗
t 〈D∗0|Hµ|B〉 , (27d)
where Hµ stands for the hadronic part of the effective Hamiltonian [c¯γµ(1 − γ5)b in the
SM]. After using eq. (1) and the definitions (18,19,20,21), the explicit expressions of our
helicity amplitudes read:
H±(q2) =i
{
∓
[
1 + gV − gT (mB +mD∗)T1(q
2)
V (q2)
] √
λ(m2B,m
2
D∗ , q
2)
mB +mD∗
V (q2)
−
[
1− gA − gT5(mB −mD∗) T2(q
2)
A1(q2)
]
(mB +mD∗)A1(q
2)
}
,
H0(q
2) =− i
2mD∗
√
q2
{[
1− gA − gT5(mB −mD∗) T2(q
2)
A1(q2)
]
× (mB +mD∗)(m2B −m2D∗ − q2)A1(q2)
−
[
1− gA − gT5
(
(mB +mD∗)
T2(q
2)
A2(q2)
+
q2
mB −mD∗
T3(q
2)
A2(q2)
)]
× λ(m
2
B,m
2
D∗ , q
2)
mB +mD∗
A2(q
2)
}
,
Ht(q
2) =− i
[
1− gA + gP q
2
mb +mc
] √
λ(m2B,m
2
D∗ , q
2)√
q2
A0(q
2) ,
(28)
and in a way analogous to eq. (4) the helicity amplitudes parametrizing B → D∗0V ∗ decay
6Please note that the polarization vector of D∗ is denoted by εµ while the one of the virtual V ∗ is
labelled by ε˜µ. They are specified in Appendix A.
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are,
H ′0(q
2) =− i(1− gA)
√
λ(m2B,m
2
D∗0
, q2)√
q2
F1(q
2) ,
H ′t(q
2) =− i
[
1− gA + gP q
2
mb +mc
]
m2B −m2D∗0√
q2
F0(q
2) .
(29)
We stress once again that the µ-dependence of gS,P,T,T5, mc,b and T1,2,3(q
2) is implicit, and
that the helicity amplitudes are, of course, scale independent.
2.3.1 Partially integrated decay distributions
Using the above definitions one can write the full five-fold distribution that not only in-
cludes the B → D∗ transition but also the B → D∗0 one. The complete expression is
provided in Appendix C. Here we will first focus on the separate distributions on each of
the three angles separately. Before spelling out these expressions, we first integrate over
all angles to get
d2Γ
dq2dm2Dpi
=
d2Γ0
dq2dm2Dpi
+
d2ΓS
dq2dm2Dpi
=
G2F |Vcb|2|q|q2
96pi3m2B
(
1− m
2
`
q2
)2
×
{
[
(|H+|2 + |H−|2 + |H0|2)
(
1 +
m2`
2q2
)
+
3
2
m2`
q2
|Ht|2
]
|BWD∗(m2Dpi)|2
+
[
|H ′0|2
(
1 +
m2`
2q2
)
+
3
2
m2`
q2
|H ′t|2
]
|BWD∗0 (m2Dpi)|2
}
,
(30)
where Γ0 denotes the pure vector meson (D
∗) contribution, while ΓS denotes the pure scalar
meson (D∗0) part. Obviously, after setting H
′
0,t = 0 one retrieves the familiar differential
decay rate for the pseudoscalar to vector meson semileptonic decay.
• θ` distribution: After integrating over χ and θD we get
d3Γ
dq2dm2Dpid cos θ`
= aθ` + bθ` cos θ` + cθ` cos
2 θ` , (31)
where the coefficient functions aθ` , bθ` , cθ` depend on q
2 and on m2Dpi, and they read
aθ`(q
2, m2Dpi) =
G2F |Vcb|2|q|q2
256pi3m2B
(
1− m
2
`
q2
)2
×
{
[
(|H+|2 + |H−|2)
(
1 +
m2`
q2
)
+ 2
(
|H0|2 + m
2
`
q2
|Ht|2
)]
|BWD∗(m2Dpi)|2
+2
[
|H ′0|2 +
m2`
q2
|H ′t|2
]
|BWD∗0 (m2Dpi)|2
}
,
(32a)
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bθ`(q
2, m2Dpi) =
G2F |Vcb|2|q|q2
128pi3m2B
(
1− m
2
`
q2
)2
×
{
[
|H+|2 − |H−|2 + 2m
2
`
q2
Re[H0H∗t ]
]
|BWD∗(m2Dpi)|2
+2
m2`
q2
Re[H ′0H ′∗t ]|BWD∗0 (m2Dpi)|2
}
,
(32b)
cθ`(q
2, m2Dpi) =
G2F |Vcb|2|q|q2
256pi3m2B
(
1− m
2
`
q2
)3
×
{
[|H+|2 + |H−|2 − 2|H0|2] |BWD∗(m2Dpi)|2−2|H ′0|2|BWD∗0 (m2Dpi)|2} . (32c)
• θD distribution: If, instead, we integrate eq. (15) in χ and in θ` we get
d3Γ
dq2dm2Dpid cos θD
= aθD + bθD cos θD + cθD cos
2 θD , (33)
where
aθD(q
2, m2Dpi) =
G2F |Vcb|2|q|q2
128pi3m2B
(
1− m
2
`
q2
)2
×
{
[
(|H+|2 + |H−|2)
(
1 +
m2`
2q2
)]
|BWD∗(m2Dpi)|2
+
2
3
[
|H ′0|2
(
1 +
m2`
2q2
)
+
3
2
m2`
q2
|H ′t|2
]
|BWD∗0 (m2Dpi)|2
}
,
(34a)
bθD(q
2, m2Dpi) =
√
3G2F |Vcb|2|q|q2
96pi3m2B
(
1− m
2
`
q2
)2
×
Re
[(
H0H
′∗
0
(
1 +
m2`
2q2
)
+
3
2
m2`
q2
HtH
′∗
t
)
BWD∗(m
2
Dpi)BW
∗
D∗0
(m2Dpi)
]
,
(34b)
cθD(q
2, m2Dpi) = −
G2F |Vcb|2|q|q2
128pi3m2B
(
1− m
2
`
q2
)2
×[
(|H+|2 + |H−|2 − 2|H0|2)
(
1 +
m2`
2q2
)
− 3m
2
`
q2
|Ht|2
]
|BWD∗(m2Dpi)|2 .
(34c)
• χ distribution: Finally, integration over θD and θ` results in,
d3Γ
dq2dm2Dpidχ
= aχ + b
c
χ cosχ+ b
s
χ sinχ+ c
c
χ cos 2χ+ c
s
χ sin 2χ , (35)
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with the coefficient functions,
aχ(q
2, m2Dpi) =
G2F |Vcb|2|q|q2
192pi4m2B
(
1− m
2
`
q2
)2
×
{
[
(|H+|2 + |H−|2 + |H0|2)
(
1 +
m2`
2q2
)
+
3
2
m2`
q2
|Ht|2
]
|BWD∗(m2Dpi)|2
+
[
|H ′0|2
(
1 +
m2`
2q2
)
+
3
2
m2`
q2
|H ′t|2
]
|BWD∗0 (m2Dpi)|2
}
,
(36a)
bcχ(q
2, m2Dpi) = −
√
3G2F |Vcb|2|q|q2
2048pi2m2B
(
1− m
2
`
q2
)2
×
Re
[(
(H+ −H−)H ′∗0 −
m2`
q2
(H+ +H−)H ′∗t )
)
BWD∗(m
2
Dpi)BW
∗
D∗0
(m2Dpi)
]
,
(36b)
bsχ(q
2, m2Dpi) = −
√
3G2F |Vcb|2|q|q2
2048pi2m2B
(
1− m
2
`
q2
)2
×
Im
[(
(H+ +H−)H ′∗0 −
m2`
q2
(H+ −H−)H ′∗t )
)
BWD∗(m
2
Dpi)BW
∗
D∗0
(m2Dpi)
]
,
(36c)
ccχ(q
2, m2Dpi) = −
G2F |Vcb|2|q|q2
192pi4m2B
(
1− m
2
`
q2
)3
×Re [H+H∗−] |BWD∗(m2Dpi)|2 , (36d)
csχ(q
2, m2Dpi) = −
G2F |Vcb|2|q|q2
192pi4m2B
(
1− m
2
`
q2
)3
× Im [H+H∗−] |BWD∗(m2Dpi)|2 . (36e)
We emphasize once again that all of the above distributions are written in terms of helicity
amplitudes and therefore are completely general. Only after choosing a specific NP scenario
the helicity amplitudes are expressed in terms of form factors, kinematic variables and the
NP couplings, which is where the model dependence enters the discussion.
From any of the above angular distributions (31,33,35) one can easily reproduce the
differential decay rate (30). Helicity amplitudes, for our specific choice of Heff in eq. (1),
are explicitly given in eqs. (28,29).
2.4 Comment on the pollution of B → D∗`ν` by B → D∗0`ν`
As it can be seen from the above expressions, the Dpi pair emerging from the B → D∗0`ν`
can be mistakenly identified as an S-wave contribution to the B → D∗`ν` if the range
12
around the D∗-resonance, m2Dpi ∈ [(mD∗ − δ)2, (mD∗ + δ)2], is relatively large with respect
to the width of the D∗0 state. However, knowing that the experimentally measured [11]:
mD∗±0 = 2403(40) MeV , Γ(D
∗±
0 ) = 283(40) MeV ,
mD∗00 = 2318(29) MeV , Γ(D
∗0
0 ) = 267(40) MeV ,
mD∗± = 2010 MeV , Γ(D
∗±) = 83(2) keV ,
mD∗0 = 2007 MeV , Γ(D
∗0) = 60(3) keV , (37)
we see that there is no interference between the two decays as long as δ is kept smaller than
about Γ(D∗0)/2, which is relatively easy to ensure in experiments since the width of D
∗ is
very small. This reasoning relies on the assumption that the shape of the scalar state D∗0
can be described by the BW formula (17), which is not a priori clear for a pair of hadrons in
their S-wave. For example, large deviations from the BW shape in the case of (Kpi)S−wave
turned out to be very important in the analysis of D+ → K∗0(→ K−pi+)`ν` [19]. To
check whether or not a similar phenomenon appears also in the case of (Dpi)S−wave, we find
it informative to consider the angular distribution in χ, cf. eq. (35), because the terms
proportional to cosχ and sinχ measure the real and imaginary part of the interference
between the (Dpi) coming from B → D∗`ν`, coupling to non-transversely polarized virtual
W , and those emerging from B → D∗0`ν`. More specifically, we consider the quantities
IRe(q
2) =
1
dΓ/dq2
∫ (mD∗+δ)2
(mD∗−δ)2
bcχ(q
2,m2Dpi)dm
2
Dpi ,
IIm(q
2) =
1
dΓ/dq2
∫ (mD∗+δ)2
(mD∗−δ)2
bsχ(q
2,m2Dpi)dm
2
Dpi , (38)
where Γ encapsulates the B → D∗`ν` events and the leakage of B → D∗0`ν` that are in-
cluded in the sample if δ is large enough. If we assume that both resonances can be
described by the BW formula, we find that for either δ = 100 MeV or δ = 300 MeV, both
above quantities remain negligibly small, cf. Fig. 1. This conclusion remains as such not
only in the SM [gS,V,P,A,T,T5 = 0] but also in its extensions [gS,V,P,A,T,T5 ≈ 1]. It is important
to check whether or not this is indeed the case in realistic experimental studies because
the nonzero values of IRe(q
2) and/or IIm(q
2) would suggest that the (Dpi)S−wave amplitude
contains contributions that are not captured by the BW formula. If it turns out to be zero,
this would represent an important check of non-pollution of the sample of B → D∗`ν`,
which is prerequisite for a precision determination of |Vcb| and/or for distinguishing the
effects of NP. Notice again that in producing the plot in Fig. 1 we used the values of the
form factors given in Refs. [14, 20]. 7
7We use Refs. [14, 20] because they contain the full list of form factors needed for our discussion. In
this paper all the plots will be obtained by using the B → D∗ transition form factors from Ref. [20], and
B → D∗0 ones from Ref. [14].
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Figure 1: The quantities IRe(q2) and IIm(q2) defined in eq. (38)] are plotted for two values of δ: brighter
regions for δ = 100 MeV and darker regions for δ = 300 MeV.
Finally, from eq. (33) we see that the forward-backward asymmetry in θD,
AθDFB(q
2) =
∫ 0
−1
d2Γ
dq2d cos θD
d cos θD −
∫ 1
0
d2Γ
dq2d cos θD
d cos θD
dΓ
dq2
= −bθD(q
2)
dΓ/dq2
∝
∫ (mD∗+δ)2
(mD∗−δ)2
Re
[(
H0H
′∗
0
(
1 +
m2`
2q2
)
+
3
2
m2`
q2
HtH
′∗
t
)
BWD∗(m
2
Dpi)BW
∗
D∗0
(m2Dpi)
]
,
(39)
which is obviously only non-zero in the case of pollution of the B → D∗`ν` sample by the
B → D∗0`ν` events. If experimentally feasible, this quantity could be a good way to address
this issue which is one of the major worries in assessing the systematic uncertainties of the
experimental results. In what follows we will assume that the (Dpi) emerging from the
B → D∗`ν` decay are not polluted by those coming from B → D∗0`ν`.
2.5 Eleven Observables in B → D∗`ν`
Similarly to what we discussed in the case of B → D`ν`, where the three independent
structures were probed by three different observables, we can now form 11 different quan-
tities that can be studied in the full angular analysis of B → D∗`ν` decay, the expression
of which is given in eq. (65a).
1. Differential decay rate:
dΓ
dq2
(B → D∗`ν`) =G
2
F |Vcb|2|q|q2
96pi3m2B
(
1− m
2
`
q2
)2
×[
(|H+|2 + |H−|2 + |H0|2)
(
1 +
m2`
2q2
)
+
3
2
m2`
q2
|Ht|2
]
.
(40)
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2. Forward-Backward asymmetry:
AD
∗
FB(q
2) =
∫ 1
0
d2Γ
dq2d cos θ`
d cos θ` −
∫ 0
−1
d2Γ
dq2d cos θ`
d cos θ`
dΓ/dq2
=
bθ`(q
2)
dΓ/dq2
=
G2F |Vcb|2|q|q2
128pi3m2B(dΓ/dq
2)
(
1− m
2
`
q2
)2
×
[
|H+|2 − |H−|2 + 2m
2
`
q2
Re[H0H∗t ]
]
. (41)
3. Lepton-polarization asymmetry: We define the differential decay rates, dΓ±/dq2, with
the spin of the charged lepton projected along the z-axis and with λ` = ±1/2. In other
words,
dΓ−
dq2
(B → D∗`ν`) =G
2
F |Vcb|2|q|q2
96pi3m2B
(
1− m
2
`
q2
)2
× (|H+|2 + |H−|2 + |H0|2) ,
dΓ+
dq2
(B → D∗`ν`) =G
2
F |Vcb|2|q|q2
96pi3m2B
(
1− m
2
`
q2
)2
m2`
2q2
× (|H+|2 + |H−|2 + |H0|2 + 3|Ht|2) ,
(42)
and the lepton polarization asymmetry reads,
AD
∗
λ`
(q2) =
dΓ−/dq2 − dΓ+/dq2
dΓ/dq2
= 1− 2dΓ
+/dq2
dΓ/dq2
. (43)
4. Partial decay rate according to the polarization of D∗: Splitting the decay rate accord-
ing to the polarization of the D∗-meson amounts to,
dΓL
dq2
=
2
3
[
aθD(q
2) + cθD(q
2)
]
,
dΓT
dq2
=
4
3
aθD(q
2), (44)
where the functions on the r.h.s. are given in eq. (33). One of these components is
independent, while the other can be obtained from Γ = ΓL + ΓT . To cancel the CKM and
kinematic factors we can define
RL,T =
dΓL/dq
2
dΓT/dq
2 =
|H0|2 + 3|Ht|2 [1− 1/(1 +m2`/2q2)]
|H+|2 + |H−|2 . (45)
5. A5: We see that three of the above observables involve the squares of the absolute values
of four helicity amplitudes, |H+,−,0,t|2. We can build the fourth observable as follows. After
integrating in χ, we consider
Φ(q2, θD) =
∫ 0
−1
d3Γ
dq2d cos θDd cos θ`
d cos θ` −
∫ 1
0
d3Γ
dq2d cos θDd cos θ`
d cos θ`, (46)
and then integrate in θD as,
A5(q
2) =
[
7
∫ 1/2
−1/2
−
∫ 1
1/2
−
∫ −1/2
−1
]
Φ(q2, θD) d cos θD
dΓ/dq2
= − 9G
2
F |Vcb|2|q|q2
256pi3m2B(dΓ/dq
2)
(
1− m
2
`
q2
)2 [
|H+|2 − |H−|2
]
. (47)
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6. and 7. Cχ(q
2) and Sχ(q
2): From the distribution in χ (35), we see that dΓ/dq2 =
2piaχ(q
2), while from the terms proportional to sin 2χ and cos 2χ one can get the addi-
tional information about the real and imaginary part of H+H
∗
−. To that end we define,
Cχ(q
2) =
ccχ(q
2)
acχ(q
2)
= −
(
1− m2`
q2
)
Re[H+H∗−]
(|H+|2 + |H−|2 + |H0|2)
(
1 +
m2`
2q2
)
+ 3
2
m2`
q2
|Ht|2
,
Sχ(q
2) =
csχ(q
2)
acχ(q
2)
= −
(
1− m2`
q2
)
Im[H+H∗−]
(|H+|2 + |H−|2 + |H0|2)
(
1 +
m2`
2q2
)
+ 3
2
m2`
q2
|Ht|2
, (48)
8. and 9. A8 and A9: We now first integrate the full distribution in θ` and then define
Φ˜(q2, χ) =
∫ 0
−1
d3Γ
dq2dχd cos θD
d cos θD −
∫ 1
0
d3Γ
dq2dχd cos θD
d cos θD, (49)
from which we can build the following two quantities
A8(q
2) =
[∫ pi
0
−
∫ 2pi
pi
]
Φ˜(q2, χ) dχ
dΓ/dq2
=
G2F |Vcb|2|q|q2
128pi3m2B
(1−m2`/q2)2
dΓ/dq2
Im
[
(H+ +H−)H∗0 −
m2`
q2
(H+ −H−)H∗t
]
, (50)
A9(q
2) = −
[∫ 3pi/2
pi/2
−
∫ pi/2
0
−
∫ 2pi
3pi/2
]
Φ˜(q2, χ) dχ
dΓ/dq2
=
G2F |Vcb|2|q|q2
128pi3m2B
(1−m2`/q2)2
dΓ/dq2
Re
[
(H+ −H−)H∗0 −
m2`
q2
(H+ +H−)H∗t
]
. (51)
10. and 11. A10 and A11: Finally, by forming the quantity
φ(q2, χ, θ`) =
∫ 0
−1
d4Γ
dq2dχd cos θ`d cos θD
d cos θD −
∫ 1
0
d4Γ
dq2dχd cos θ`d cos θD
d cos θD,
φ˜(q2, χ) =
∫ 0
−1
φ(q2, χ, θ`)d cos θ` −
∫ 1
0
φ(q2, χ, θ`)d cos θ` (52)
we can isolate the remaining two terms from the full angular distribution (65a) as,
A10(q
2) =
[∫ pi
0
−
∫ 2pi
pi
]
φ˜(q2, χ) dχ
dΓ/dq2
= −G
2
F |Vcb|2|q|q2
96pi4m2B
(1−m2`/q2)3
dΓ/dq2
Im[(H+ −H−)H∗0 ], (53)
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Figure 2: Theory estimates of the observables constructed from the angular distribution of the semilep-
tonic B → Dτντ (without grid-lines) and B → D∗τντ (with grid-lines) decays in the Standard Model and
by using the hadronic form factors from Ref. [20].
A11(q
2) =
[∫ 3pi/2
pi/2
−
∫ pi/2
0
−
∫ 2pi
3pi/2
]
φ˜(q2, χ) dχ
dΓ/dq2
=
G2F |Vcb|2|q|q2
96pi4m2B
(1−m2`/q2)3
dΓ/dq2
Re[(H+ +H−)H∗0 ]. (54)
Notice that the quantities A8, A10 and Sχ are non-zero only in the case of the non-zero
NP phase. In other words, a nonzero measurement of these quantities would be a clear
signal of NP. In Fig. 2 we show the Standard Model shapes of the above quantities as
functions of q2 and by using the hadronic form factors to be those of Ref. [20].
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3 Illustration of numerical sensitivity to physics BSM
in the quark sector
In order to numerically illustrate the sensitivity of observables defined in the previous
Section to the presence of physics BSM, we proceed as follows:
– We use the effective Hamiltonian (1), which amounts to replacing the helicity ampli-
tudes by the explicit expressions given in eq. (28).
– We use the experimental results for RD = B(B → Dτντ )/B(B → Dµνµ) as obtained
by BaBar and Belle, and RD∗ = B(B → D∗τντ )/B(B → D∗µνµ) measured at BaBar,
Belle and LHCb, and combine them with the form factors computed in Ref. [20]. We
use that latter reference because it contains the full list of form factors needed for
this study. 8
– After switching on the NP couplings, one at the time, we compare theory with exper-
iment and find the range of allowed values for gi ≡ gV,A,S,P,T,T5 6= 0. Since we allow
the couplings to be complex, we can choose them to be either fully real, or with a
significant imaginary part, and then examine each of the 2+10 observables discussed
in this paper, to check on their sensitivity with respect to gi 6= 0. 9
3.1 Allowed values of gV,A,S,P,T
We now illustrate the allowed values of the NP couplings gV,S,T obtained from RD, and
gV,A,P,T from RD∗ . Furthermore we will assume that NP affects the B → D(∗)τντ decay
only. After switching on one coupling at the time we obtain the plots shown in Fig. 3. The
best fit values obtained in this way are:
gV = 0.21− i 0.76, gA = −0.18− i 0.05,
gS = −0.92− i 0.38, gP = 0.91 + i 0.38, gT = −0.42 + i 0.15, (55)
and are labeled by red stars in Fig. 3. We reiterate that in the notation of eq. (1) the
couplings gS,P,T are dimensionful and are given in GeV
−1. To illustrate the effect of gi 6= 0
on the observables discussed in the previous Section, we examine them in the case of
B → D(∗)τντ for four different values of gi: the SM ones (gi = 0), the best fit values given
above, and for the extreme case of gi 6= 0 allowed from the fits, as shown in Fig. 3. The
scale in gS,P,T (µ) is implicit and is chosen to be µ = mb.
8 Obviously, for a more viable theoretical description one should use the form factors obtained through
numerical simulations of QCD on the lattice. However, since the full set of form factors obtained on the
lattice is not available, and since the purpose of this work is to point out the usefulness of the above
observables in searching for the effects of NP, we will satisfy ourselves by the form factors of Ref. [20].
9Notice that the differential decay rates are used as input (through RD(∗)), which is why instead of 3+11
observables for B → D`ν` and B → D∗`ν`, we consider the sensitivity of 2+10 observables on gi 6= 0.
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Figure 3: The allowed values for the NP couplings gV,A,S,P,T as obtained from the comparison of experi-
mental values for RD and RD∗ with the theoretical estimates obtained by using the hadronic form factors
from Ref. [20] and by switching on one coupling gi at the time. Stars denote the the best-fit values. Note
also that (Re[gi], Im[gi]) = (0, 0) are those of the Standard Model. Red star in each plot corresponds to
the best fit value.
After examining each observable on gi 6= 0, we make the following observations:
• ADFB highly (weakly) depends on the value of gS (gT ) but is insensitive to its imaginary
part, Im gS (Im gT ). Instead, it is completely insensitive to gV ;
• ADλτ behaves similarly to ADFB with respect to the variation of gV,S,T , especially for
the intermediate values of q2. The above two observables are related to the decay
to a pseudoscalar meson, B¯ → Dτν¯τ , and their pronounced dependence on gS,T is
shown in Fig. 4;
• AD∗FB depends on the sign of Re gV , but its deviation from the SM is more pronounced
in the case of gA,P,T , cf. Fig. 5. However, and provided one observes a deviation with
respect to the SM value, one cannot tell which gA,P 6= 0 from this quantity alone.
Variation of gT 6= 0, instead, results in smaller departures of this quantity from the
SM;
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Figure 4: Forward-backward and the lepton polarization asymmetries in B¯ → Dτν¯τ : sensitivity on the
variation of gS and gT . The values of gS,T are chosen: zero as in the SM, the best-fit values (55), and the
other three values consistent with the results shown in Fig. 3.
• AD∗λτ does not depend on gV,A 6= 0, but its shape can change in the case of gP,T 6= 0.
It does not depend on the size of the imaginary part in gi;
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Figure 5: Forward-backward and the lepton polarization asymmetries in B¯ → D∗τ ν¯τ : sensitivity on the
sign of gV , on the variation of gA and, in the case of A
B→D∗
λτ
on the variation of gP .
• RL,T too depends on the variation of Re gP,T 6= 0, but is insensitive to gV,A 6= 0. It
is particularly sensitive to gT 6= 0 so that its value falls from the SM (∼ 3) to about
∼ 1 at q2 = m2τ , as shown in Fig. 6;
• A5 depends on the sign of Re gV , it significantly changes with Re gA, only weakly
depends on Re gP and it is very sensitive to Re gT ;
• Cχ only weakly depends on gV , and is independent on gA. Instead its linear depen-
dence in the SM is modified to an arc-like behavior in q2 for gP,T 6= 0. In Fig. 6 this
is shown for the case of gT 6= 0;
• Sχ is very sensitive to Im gV,A,T and is independent on gP . It is a null-test of the
SM because Sχ(q
2) 6= 0 would represent a clear signal of NP;
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Figure 6: Sensitivity of the observables deduced from the angular distribution of B¯ → D∗τ ν¯τ on gT .
• A8 is also sensitive to the imaginary part of the couplings, Im gV,A,P,T so that a
measurement of its non-zero value would be a signal of a NP phase. Notice, however,
that the deviations with respect to the SM, are particularly pronounced in the case
of Im gT 6= 0, as shown in Fig. 7;
� � � � � � � ��-����
-����-����
����
����
����
����
�� [����]
� χ
��= -���ⅈ��= ���ⅈ��= -���
��= ����-����ⅈ��
� � � � � � � ��
-���-���
���
���
���
�� [����]
� �
��= ���-���ⅈ��= ���+���ⅈ
��= -�����=-����-����ⅈ
��
� � � � � � � ��-���
-���
���
���
�� [����]
� �
��= -���+���ⅈ��= -�
��= �����= ����-����ⅈ
��
Figure 7: Nonzero values of Sχ(q2), A8(q2) are related to the nonzero Im gi, which would in turn
represent a signal of a NP phase. Variation of A9(q
2) with respect to the change in gP is also illustrated
for the case of B¯ → D∗τ ν¯τ .
• A9 depends on the real part of gV,P,T and only mildly on gA. A9(q2) only slightly
varies with q2 and its value can significantly change for Re gP < 0;
• A10, just like Sχ and A8, is sensitive to the imaginary part of gV,A,T , while it is
independent on gP . Note that even for large (allowed) Im gV,P,T this asymmetry is
small, i.e. never larger than 7%;
• The shape of A11(q2) changes for Re gP,T 6= 0, but it is insensitive to gV,A 6= 0. Its
deviation from the SM can be probed at large q2’s.
The above observations are summarized in Tab. 1. Clearly, a combination of several ob-
servables would be a good testing ground of a presence of physics BSM in the low-energy
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semileptonic processes. The combination of the above observables would help understand-
ing the Lorentz structure of the NP contributions (if any), their size. More specifically,
three of them can be used as a check of the presence of additional NP phase(s).
Quantity gV gA gS gP gT
ADFB × – ? ? ? – ?
ADλτ × – ? ? ? – ??
AD
∗
FB ? ? ? ? – ? ? ? ?
AD
∗
λτ
× × – ?? ?
RL,T × × – ?? ??
A5 ?? ?? – ? ? ? ?
Cχ ? × – ?? ??
Sχ ? ? ? ? ? ? – × ? ? ?
A8 ?? ?? – ?? ? ? ?
A9 ? ? – ?? ??
A10 ?? ?? – × ??
A11 × × – ?? ??
Table 1: Sensitivity to gi 6= 0: × stands for “not sensitive”, and ? ? ? for “maximally sensitive”.
4 Summary
In this paper we provided the general expressions for the full angular distribution of the
semileptonic decays of a pseudoscalar meson to a daughter pseudoscalar or vector meson.
From these formulas, apart from the differential decay widths, we were able to construct
2 (10) observables when considering the decay to a pseudoscalar (vector) meson. High
luminosity experimental facilities are likely to allow us to measure the detailed angular
distribution of these decays and the resulting observables discussed in this paper can be
used for searching the effects of physics BSM at low energies.
We focused on the case of B¯ → D(∗)τ ν¯τ to illustrate the benefits of the observables
discussed in this paper. In particular, three observables [Sχ(q
2), A8(q
2) and A10(q
2)] are
sensitive to the NP phase(s). Other quantities we discussed here can be used to disentangle
the Lorentz structure of the NP contributions (V , A, S, P or T ) and perhaps to deduce
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its size if we had a clean QCD information about the relevant hadronic form factors at our
disposal. We examined the sensitivity of each of the mentioned observables to the presence
of gi 6= 0, i ∈ {V,A, S, P, T}.
It is known that in the case of semileptonic decay to a vector meson, a part of the
decay amplitude is polluted by the S-wave contribution of the similar decay to a scalar
meson. The resulting interference might induce important uncertainties. This is due to the
fact that the scalar states are usually broad and often do not respect the BW shape. We
showed that there are particular terms in the angular distribution of B¯ → D∗(→ Dpi)`ν¯`
that are non-null if there is interference with B¯ → D∗0(→ Dpi)`ν¯`. If the shape of D∗0
is close to that of BW, those interference terms should be negligibly small. Conversely,
a sizable interference would suggest that either the shape of D∗0 is not BW-like, or that
there is still a part of (Dpi)S−wave which is unaccounted for by the nearby resonances. That
information could be useful for our understanding of scalar open-flavored mesons.
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Figure 8: Kinematics of the B¯ → D∗(→ Dpi)`ν¯` decay. Angles are defined as in Ref. [10].
A Polarization vectors
In this paper we use the convention of Ref. [10] and define the angles θ`,θD and χ as depicted
in Fig. 8. The helicity axis is chosen along the D∗ momentum while the polarization vectors
of D∗ (ε) and the virtual vector boson (ε˜) are defined with lower indices as
ε± = ∓ 1√
2

0
1
±i
0
 , ε0 = 1mD∗

|q|
0
0
ED∗
 , (56)
and
ε˜± =
1√
2

0
±1
−i
0
 , ε˜0 = 1√q2

|q|
0
0
−q0
 , ε˜t = 1√q2

q0
0
0
−|q|
 , (57)
respectively. In the B-meson rest frame
q0 =
m2B −m2D∗ + q2
2mB
, ED∗ =
m2B +m
2
D∗ − q2
2mB
. (58)
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B Four-body phase space
The four-body phase space can be reduced to the product of the two-body phase spaces:
dΦ4 =(2pi)
4
∫ 4∏
i=1
d3pi
(2pi)32Ei
δ
(
P −
4∑
j=1
pj
)
=
dm212
2pi
dm234
2pi
dΦ2(m12, m34) dΦ2(pˆ1, pˆ2) dΦ2(pˆ3, pˆ4) ,
(59)
where m2ij = (pi + pj)
2. The two-body phase space is given by standard form
dΦ2(pˆi, pˆj) =
1
16pi2
|pˆi|
mij
d cos θi dφi , (60)
with three-momentum pˆi defined in the ij rest frame.
Using Eq. (59), one can write the phase space for the B → D∗(0)(→ Dpi)`ν`
dΦ4 =
1
64(2pi)8
dm2Dpidq
2 |pˆDpi|
mB
d cos θDpi dφDpi
|pˆD|
mDpi
d cos θD dφD
|pˆ`|√
q2
d cos θ` dφ` , (61)
where pˆDpi(= −q), pˆD, pˆ` and the corresponding angles are defined in the B, Dpi and `ν
rest frames respectively,
|pˆDpi| =
√
λ(m2B,m
2
Dpi, q
2)
2mB
, |pˆD| =
√
λ(m2Dpi,m
2
D,m
2
pi)
2mDpi
, |pˆ`| =
√
λ(q2,m2` , 0)
2
√
q2
(62)
where λ(a, b, c) = a2 + b2 + c2 − 2(ab+ ac+ bc).
Integrating over the polar and azimuthal angles of the D∗(0) momentum (θDpi, φDpi) and
over the azimuthal angle of the D momentum (φD), one obtains
dΦ4 =
1
64(2pi)6
|q|
mB
|pˆD|
mDpi
(
1− m
2
`
q2
)
dq2dm2Dpid cos θDd cos θ`dχ . (63)
Here we defined the angle φ` = χ with respect to the Dpi rest frame.
C Full angular distribution in B → (Dpi)D∗,D∗0`ν`
The full angular distribution in B → Dpi`ν` is determined by the total amplitude squared,
|M(B → Dpi`ν`)|2 = |MD∗|2 + |MD∗0 |2 + 2Re[MD∗M∗D∗0 ] , (64)
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where
|MD∗ |2 = N |gD∗Dpi|2|pˆD|2|B˜WD∗|2 ×
{
(|H+|2 + |H−|2)
(
1 + cos2 θ` +
m2`
q2
sin2 θ`
)
sin2 θD + 2(|H+|2 − |H−|2) cos θ` sin2 θD
+ 4|H0|2
(
sin2 θ` +
m2`
q2
cos2 θ`
)
cos2 θD + 4|Ht|2m
2
`
q2
cos2 θD
− 2β2`
(Re[H+H∗−] cos 2χ+ Im[H+H∗−] sin 2χ) sin2 θ` sin2 θD
− β2` (Re[H+H∗0 +H−H∗0 ] cosχ+ Im[H+H∗0 −H−H∗0 ] sinχ) sin 2θ` sin 2θD
− 2
(
Re
[
H+H
∗
0 −H−H∗0 −
m2`
q2
(H+H
∗
t +H−H
∗
t )
]
cosχ
+ Im
[
H+H
∗
0 +H−H
∗
0 −
m2`
q2
(H+H
∗
t −H−H∗t )
]
sinχ
)
sin θ` sin 2θD
+ 8Re[H0H∗t ]
m2`
q2
cos θ` cos
2 θD
}
,
(65a)
|MD∗0 |2 = 4N |gD∗0Dpi|2|B˜WD∗0 |2 ×
{
|H ′0|2
(
sin2 θ` +
m2`
q2
cos2 θ`
)
+ |H ′t|2
m2`
q2
+ 2Re[H ′0H ′ ∗t ]
m2`
q2
cos θ`
}
,
(65b)
2Re[MD∗M∗D∗0 ] = 2NgD∗DpigD∗0Dpi|pˆD| ×
{
− β2`
(
Re
[
(H+H
′ ∗
0 +H−H
′ ∗
0 )B˜WD∗B˜W
∗
D∗0
]
cosχ
+ Im
[
(H+H
′ ∗
0 −H−H ′ ∗0 )B˜WD∗B˜W
∗
D∗0
]
sinχ
)
sin 2θ` sin θD
− 2
(
Re
[(
H+H
′ ∗
0 −H−H ′ ∗0 −
m2`
q2
(H+H
′ ∗
t +H−H
′ ∗
t )
)
B˜WD∗B˜W
∗
D∗0
]
cosχ
+ Im
[(
H+H
′ ∗
0 +H−H
′ ∗
0 −
m2`
q2
(H+H
′ ∗
t −H−H ′ ∗t )
)
B˜WD∗B˜W
∗
D∗0
]
sinχ
)
sin θ` sin θD
+ 4Re[H0H ′ ∗0 B˜WD∗B˜W
∗
D∗0
]
(
sin2 θ` +
m2`
q2
cos2 θ`
)
cos θD
+ 4Re[HtH ′ ∗t B˜WD∗B˜W
∗
D∗0
]
m2`
q2
cos θD
+ 4Re[(H0H ′ ∗t +HtH ′ ∗0 )B˜WD∗B˜W
∗
D∗0
]
m2`
q2
cos θD
}
,
(65c)
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where
N ≡ N(q2) = G
2
F
2
|Vcb|2q2β2` (q2) , β`(q2) =
√
1− m
2
`
q2
. (66)
We checked that using the narrow width approximation and assuming the helicity ampli-
tudes to be real, the result of Eq. (65a) combined with the phase space factor reproduces
the result of Ref. [10].
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